Abstract: A data processing method for correcting the frequency sweeping nonlinearity of a tunable laser in an optical frequency domain reflectometry system is presented. The proposed method calibrates the positions of all the data points by the time-scale factor determined by the zero-crossing points of the auxiliary interferometer. Then, the signal of the main interferometer is interpolated with the calibrated results. In experiments, a spatial resolution of 0.17 mm over a measurable range of 155 m has been obtained even when the optical path difference of the auxiliary interferometer is shorter than that of the main interferometer. This method could resolve the problem that measurable range is limited by the length of delay fiber in the auxiliary interferometer and significantly decrease the requirement of sampling rate.
Introduction
Optical frequency domain reflectometry (OFDR) is firstly proposed by Eickhoff in 1981 [1] . In the past several decades, OFDR has played an important role in the field of distributed optical fiber sensing [2] , because of its high spatial resolution and sensitivity [3] . The application fields mainly include temperature and strain sensing [2] , [4] - [12] , shape sensing [13] - [15] , dynamic vibration sensing [16] , etc.
In a typical OFDR system, the output of a tunable laser source (TLS) is split into two beams. One beam enters the sensing fiber to generate the backscattering light and the other beam acts as the reference light. The backscattering light from a certain position and the reference light generate an interference signal of a unique beat frequency. Then the signals are transformed into frequency domain with Fast Fourier transform (FFT). According to the relationship between beat frequency and the distance along the fiber, the reflection point can be located. The TLS is a key component in an OFDR system, which should provide a fast and linear swept frequency to achieve a high spatial resolution [17] . The sweeping nonlinearity of TLS should be corrected to reduce the spectral broadening and improve the spatial resolution [18] , [19] .
In the previous published work, several methods were proposed for correcting the frequency sweeping nonlinearity of a TLS. They all introduced experimental systems with similar structures, comprising a main interferometer for measurement and an auxiliary interferometer for nonlinearity correction [17] , [19] - [24] . These methods can be classified into two classifications: hardware methods and software methods. Kun Liu proposed a hardware method which utilized an auxiliary interferometer to generate external clock signals as the sampling clock to correct the nonlinearity [20] . This method is simple but the sensing length is limited by the length of delay fiber in the auxiliary interferometer. According to Nyquist's theorem, the sampling rate of the system should be twice higher than the maximum frequency of the measuring signal. So the sensing length cannot exceed a quarter of the length of delay fiber when the auxiliary interferometer is based on the structure of Mach-Zender interferometer, or cannot exceed half of the length of delay fiber when is based on the structure of Michelson interferometer. Software methods utilized algorithms to correct frequency sweeping nonlinearity. The simplest method is "zero-crossing points resampling method". In this method, zero-crossing points of the auxiliary interferometer's signal are derived to resample the signal of the main interferometer. The maximum measuring length is also limited by the delay fiber length of the auxiliary interferometer. Meanwhile, in order to derive the zerocrossing point precisely, the sampling rate to the auxiliary interferometer signal is much higher than the zero-crossing rate, which brings heavy burden to the data acquisition system. Zhenyang Ding corrected the frequency sweeping nonlinearity in a long range OFDR by using the deskew filter, which has strict requirements to the estimation of nonlinear phase [19] , [25] . They achieved a spatial resolution of 20 cm and 1.6 m at distances of 10 km and 80 km. Another algorithm achieved the equidistant optical frequency grid through the TLS's optical frequency sweep curve and then the main beat interference signal was resampled by non-uniform FFT [21] . Tae-Jung Ahn proposed a Hilbert transform correction method (HTCM) to calculate the frequency sweep curve using the auxiliary interferometer and obtained a highest spatial resolution of 3 cm [26] .
In this paper, we propose and demonstrate a new data processing method for correcting the frequency sweeping nonlinearity of a TLS based on time-scale factor. In comparison to the previous methods, this method overcomes the length limitation by the delay fiber of the auxiliary interferometer and significantly reduces the requirement for sampling rate. Meanwhile, it does not require calculating the frequency sweep curve, which provides the possibility to realize real-time measurement. In experiments, when the optical path difference of the auxiliary interferometer is shorter than that of the main interferometer, a satisfied spatial resolution can still be achieved.
Principle
In theory, the relationship between the beat frequency and the position z along the FUT in an OFDR is
where γ is the linear frequency tuning rate of TLS, c is the velocity of the light in vacuum, n is the refractive index of the fiber. Therefore, the relationship between the beat frequency f b and the position is one-to-one correspondence with a linear frequency tuning rate. However, with a nonlinear frequency sweeping, the relationship becomes
Eq. (2) shows that beat frequency varies with time at a position z which leads to spectrum broadening and decrement of spatial resolution. Our purpose is proposing a method to realize sampling at equal optical frequency and improve the spatial resolution. The proposed OFDR system is shown in Fig. 1 [24] . The auxiliary interferometer with unbalanced arms is introduced to provide a beat signal related to the frequency sweeping nonlinearity. Theoretically, the beat signal for a linearly tuning laser source should be a sinusoidal signal. However, it would be chirped when sweeping nonlinearity exists, as shown in Fig. 2 .
The period T of the auxiliary interferometer's beat signal in time domain is reciprocal with the beat frequency, so T can be expressed as
where c is the velocity of the light in vacuum, n is the refractive index of the fiber core, γ is the tuning rate of TLS, L is the length of delay fiber in the auxiliary interferometer. Eq. (3) indicates that T is inversely proportional to the tuning rate of TLS. A faster tuning rate leads to a shorter period and vice versa. The period of the auxiliary interferometer's beat signal can be derived by the zero crossing points, as shown in Fig. 2 . The optical frequency interval between adjacent zero crossing points can be expressed as
Eq. (4) indicates that the optical frequency interval is proportional to the phase interval. The phase interval between adjacent zero crossing points of auxiliary interferometer's beat signal is π, so the corresponding optical frequency interval is
It is observed that the optical frequency intervals between adjacent zero crossing points are constant. So in the traditional "zero-crossing points resampling method", zero crossing points are used to resample the main interferometer's signal to realize equal optical interval sampling. But in Fig. 3 . The signal processing procedure of zero-crossing calibration.
our method, zero crossing points of the beat frequency signal of the auxiliary interferometer are used to calibrate the nonlinear time scale rather than resampling the main interferometer's signal directly. The signal processing procedure of zero crossing points fitting method is shown in Fig. 3 .
In the procedure shown in Fig. 3, c(t) is the auxiliary interferometer's time-domain signal. Firstly, obtaining the x-coordinates of zero crossing points of c(t) with the method of zero point theorem, and saving them in an array ZCP
Secondly, calculating the coordinate difference between adjacent zero crossing points as the length of this segment with "forward difference" method and saving the results as an array d.
Considering the first point of the time domain signal is usually not a zero crossing point, the first element of d is P 1 in this condition. Thirdly, taking the element P 2 −P 1 in array d as a standard value to calibrate the other data and the first calibration coefficient is set to 1. Then the calibration coefficients array is
Due to the nonlinear tuning rate of the laser source, the value of P 2 −P 1 varies in different measurement which causes error in locating the external events. One can set a reference reflection point in the front of the fiber under test (FUT). In each measurement, the value of P 2 −P 1 can be calibrated by maintaining the measured reference point at the same distance. As shown in Fig. 2 ,
When the first point of the time domain signal is exactly a zero crossing point, we need to get rid of the first element 1 in array D. The calibration coefficients of the points between every two zero-crossing points approximately equal to their front nearby zero crossing points' calibration coefficients. Fourthly, calibrating all of the x-coordinates of the auxiliary interferometer's signal c(t):
Because the data of the auxiliary interferometer and the main interferometer are collected synchronously, the x-coordinates of the main interferometer's signal s(t) are replaced with the calibrated x-coordinates A(i). Finally, resampling the main interferometer's beat signal s(t) with the method of cubic spline interpolation to obtain the data for every integral coordinate. Then the resampled beat signal is converted into frequency domain using FFT to obtain the beat spectrum.
Experimental Setup and Results
The scheme of the experimental OFDR system shown in Fig. 1 comprises a main interferometer for measurement and an auxiliary interferometer for nonlinearity correction [24] . The TLS was Phoenix 1400 HS and its tuning rate was set to about γ = 70 nm/s and the optical power was 6 mW during the frequency tuning process. The wavelength sweeping range was from 1541 nm to 1550 nm.
The theoretical spatial resolution is where F is the wavelength sweeping range. So the theoretical spatial resolution of our system is 0.09 mm. The light output from the TLS was split into the auxiliary interferometer and the main interferometer via a 1:99 coupler C1. In the main interferometer, the light was split into the probe light and the reference light via a 50:50 coupler C3. The probe light entered the fiber under test (FUT) via a circulator and the reflected light in the FUT could be achieved from the port3 of the circulator. The reference light and the reflected light mixed together via the 50:50 coupler C5 and their beat signal was received by a balanced photo detector (BPD). The auxiliary interferometer was an unbalanced Mach-Zender interferometer (MZI). Due to the continuously sweeping of the TLS, the delay fiber in the MZI induced a frequency difference to the output of the two arms and generated a beat signal via the 50:50 coupler C4. Then the outputs of the auxiliary and the main interferometers were acquired simultaneously with a dual-channel data acquisition card (DAQ) whose sampling rate was set as 78.125 MSa/s.
The frequency tuning trace of the TLS was obtained with Hilbert transform [27] and the result is shown in Fig. 4(a) . Fig. 4(b) is a derivation of Fig. 4(a) , which shows the tuning rate verse time. The tuning rate fluctuates around 0.875 × 10 13 Hz/s, showing the nonlinearity of the tuning rate. The length of the delay fiber in the auxiliary interferometer was ∼200 m and the length of FUT in the main interferometer was ∼155 m, so the round trip was ∼310 m. The structure of FUT is shown in Fig. 5 . A weak Fiber Bragg grating (FBG) was fabricated near the end of FUT and the distance between the FBG and the fiber end is less than 1 cm by cutting down nearly all the fiber tail outside the FBG. The central wavelength of FBG is 1548 nm. With such a combination, the FUT can provide multiple distributed reflection points with different spatial intervals. The results are shown in Fig. 6 .
The OFDR spectrum without and with correction are presented in Fig. 6 . In Fig. 6(a) , the spectrum was broadened as a result of the nonlinear frequency sweeping. So it is impossible to distinguish the multiple distributed reflection points at the end of fiber. According to the FWHM of the reflection spectrum, the spatial resolution is estimated to be 11.2 m. On the other hand, by using the proposed method based on time-scale factor to correct the sweeping nonlinearity, the distributed reflection points were resolved clearly as shown in Fig. 6(b) . In order to avoid the influence of P 2 −P 1 in eq. (8) varying in different measurement, we set R2 in Fig. 5 as a reference reflection point. In each measurement, we calibrated the value of P 2 −P 1 by keeping the measured R2 at the same distance. From the figure, we can see that there are four reflections in the FUT, which locate at 0.579 m (R1), 1.156 m (R2), 155.073 m (R3), 155.079 m (R4) respectively. R1 was the reflection of the port 2 in the circulator, R2 was the reflection between the circulator and the first fiber, R3 was the reflection of the weak FBG and R4 was the reflection at the end of fiber. (The reflection points are marked on the FUT with R1-R4 respectively in Fig. 5 .) From the enlarged figure in Fig. 6(b) , it can be find that the FWHM of the reflected signal is 0.17 mm, which is close to the theoretical spatial resolution. The spatial resolution is improved by more than 65000 times compared to that achieved without correction. But due to the influence of laser phase noise, there are still small mixed peaks near the reflection peaks of fiber ends. It is worthy to note that the length of the delay fiber in the auxiliary interferometer is shorter than the round trip distance of the FUT. So the problem of sensing range limited by the length of delay fiber in the zero-crossing method is resolved.
Another experiment was done to verify the effect of the proposed method for low sampling rate. According to Nyquist's theorem, the sampling rate of the system should be twice the maximum frequency of the collected signal. For the tuning rate of γ = 70 nm/s, the maximum beat frequency corresponding to the 155 m FUT is 13 MHz, so the minimum sampling rate required in our experiment should be greater than 26 MSa/s. Due to the limitation of DAQ's parameter setting, the sampling rate was set to 39.0625 MSa/s which was the minimum value satisfying the requirement in our experiment. The experimental results are shown in Fig. 7 . The spatial resolution is still 0.17 mm after correction. So the requirement of sampling rate is very low for the proposed method.
Conclusion
We proposed a new data processing method for correcting the nonlinear frequency sweeping in an OFDR system with time-scale factor to solve the problem that the maximum sensing fiber length is limited by the delay fiber length of the auxiliary interferometer. Even the optical path difference of the auxiliary interferometer is shorter than that of the main interferometer, high spatial resolution can still be obtained. In the experiment, a spatial resolution of 0.17 mm over a measurable range of 155 m was observed. By the way, the requirement of sampling rate can be decreased to the minimum sampling rate of the measuring signal.
